The stable Pd(0) species [(1,5-cyclooctadiene)(L•Pd) 2 ] (L = AdBrettPhos) has been prepared and successfully evaluated as a precatalyst for the fluorination of aryl triflates derived from biologically active and heteroaryl phenols, challenging substrates for our previously reported catalyst system. Additionally, this precatalyst activates at room temperature under neutral conditions, generates 1,5-cyclooctadiene as the only byproduct, and leads to overall cleaner reaction profiles.
heteroaryl substrates, such as estrone and 3-quinolinyl triflates (Table 1 , Entry 1). After extensive investigation, a catalyst system based on the related ligand AdBrettPhos (2) 11 ( Figure 1 ) was found to be more capable in the fluorination of these substrates (Table 1 , Entry 2), though formation of two regioisomeric aryl fluorides was observed in the case of estrone triflate. 9b The effectiveness of a catalyst based on 2 is likely due to the faster rate of reductive elimination from Pd-F intermediates bearing 2 compared to those bearing 1. 11 However, the use of [(cinnamyl)PdCl] 2 as the source of active Pd requires 1.5 equiv of 2 relative to Pd to be added and results in generation of one equivalent of "Cl − ", which participates in a competitive cross-coupling process to produce the corresponding aryl chloride. In some cases, this side product can be difficult to separate from the desired aryl fluoride product. Thus, we evaluated alternative Pd sources in conjunction with 2. However, other Pd sources such as Pd(OAc) 2 (Table 1 12 In contrast to the use of separate sources of Pd and ligand, we have found that precatalysts are superior in terms of convenience, efficiency of catalyst generation, and the use of only one equivalent of ligand relative to Pd. 13 However, when our third generation palladacycle precatalyst 3 14 ( Figure 1 ) was employed in the fluorination of estrone and 3-quinolinyl triflates, low yields of the desired products were obtained (Table 1 , Entry 6). The low yields result from arylation of the carbazole generated as byproduct of catalyst activation, resulting in an overall formation of 2 equiv of HF, which is also detrimental to the reaction yield. 15 Only when 2•Pd(4-nBuPh)OTf (4) was employed as catalyst could high yields of these aryl fluoride products be obtained without formation of the aryl chloride side product or the need for excess 2 relative to Pd (Table 1, Entry 7). Based on these results, a precatalyst bearing 2 that activates without producing reactive and/ or inhibitory byproducts such as chloride, dba, carbazole, or HF, would be ideal for this transformation.
In pursuit of such a species, we found that simply combining equimolar quantities of 2 and [(1,5-COD)Pd(CH 2 TMS) 2 ] (COD = cyclooctadiene) together in pentane resulted in precipitation of a pale yellow solid (5) ( Figure 2) ; due to the lack of oxidant present in this reaction, we anticipated that 5 was an isolable Pd(0) species. The filtrate of this reaction mixture contained 53% of the starting amount of COD 16 and minimal quantities of 2, suggesting that 5 possesses a 2:2:1 ratio of 2:Pd:1,5-COD. However, assessing the structure of 5 by solution-state NMR proved difficult due to its insolubility or instability in all tested organic solvents (see Supporting Information).
Nonetheless, when exposed to 4-nBuPhOTf in toluene-d 8 , 5 quantitatively converts to 2•(4-nBuPh)PdOTf (4) in less than 10 minutes at room temperature under neutral conditions, generating 0.5 equiv of 1,5-COD relative to Pd in the process. Significantly, when this experiment was repeated using 5 that had been exposed to air for 24 h on the benchtop, the 1 H NMR yield of 4 produced was only diminished to 83%, suggesting that the half-life of 5 in air is on the order of days. Based on the available structural information, we propose a C 2 -symmetric structure for 5 wherein two trigonal-planar Pd(0) centers, each ligated by a molecule of 2, are coordinated to a double bond of the 1,5-COD ligand ( Figure 2) ; a similar structure has been proposed for the complex [(1,5-COD)(dippe•Pd) 2 ] (dippe = 1,2-bis(diisopropylphosphino)ethane). 17 Despite containing two reactive tri-coordinate Pd(0) centers, 5 is indefinitely stable at room temperature in a glovebox or when stored under N 2 in a benchtop desiccator. Collectively, these results suggest that dissociation of the 1,5-COD ligand from 5 is very facile at room temperature, even though 5 itself is relatively stable and easy to handle. Most importantly, 5 is also an excellent precatalyst for the fluorination of estrone and 3-quinolinyl triflates ( 18 By GC analysis, the only side products observed were trace amounts (<5%) of the reduction product and the corresponding biaryl ethers. 9b In light of these results, the ability of 5 to function as a precatalyst for the fluorination of aryl triflates derived from heterocyclic and biologically active phenols, the substrates for which incorporation of fluorine centers is most important, was further investigated (Schemes 1-2).
Fluorination could be cleanly carried out on the triflate derivatives of various naturally occurring phenols (Scheme 1). These include the N-methyl derivative of nonivamide (pseudocapsaicin, 6), the diethyl amide of isovanillin (7), estrone (8), the plant-derived antioxidant methyl p-coumarate (12) , and δ-tocopherol (15) . In addition, the fluorinated derivatives of a number of phenol-containing pharmaceuticals could be accessed, including the antimicrobrial chloroxylenol (9), 19 the chloretic 4-methylumbelliferone (Hymecromone, 11), 20 the N-methyl derivative of the analgesic acetaminophen (13), the antidepressant (des)venlaflaxine (14), 21 and N-methylnonivamide, whose relative, capsaicin, has a number of promising medicinal uses (Scheme 1). 22 The des-aminofluorinated analog of the antibacterial dapsone (Aczone) 23 could also be prepared (10) . Additionally, the aryl nonaflate of 4-methylumbelliferone could be used in place of the triflate to access 11 in comparable yield (89%). Regiosiomeric mixtures of products were observed for the fluorinations leading to electron-rich aryl fluorides 8, 13, 14, and 15 when the reactions were conducted in toluene. As we have previously reported, 9b switching the solvent to cyclohexane in these cases led to an increase in regioselectivity for the desired product. Substrates containing free NH or OH groups are not tolerated because they undergo competitive cross-coupling processes, although the hindered tertiary carbinol present in (des)venlaflaxine (14) did not need to be protected. In every case less than 5% of reduction product was observed; the major side product of these couplings are the corresponding biaryl ethers. 9b Notably, when the preparations of electron-rich aryl fluorides 7, 8, 13, and 15, were attempted using our previous catalyst system of [(cinnamyl)PdCl] 2 /1, lower yields of the desired products were observed in each case (Scheme 1), demonstrating the superiority of our new catalyst system. Even in the case of electron-deficient 12, an improved yield was observed when using 5 in place of [(cinnamyl)PdCl] 2 /1 (Scheme 1).
We also examined the application of 5 to the synthesis of heteroaryl fluorides, which are typically more difficult to access using transition metal-mediated fluorination methods (Scheme 2). Precatalyst 5 is competent for the synthesis of 4-and 3-quinolinyl fluorides alike (16) (17) . Although fluorination of 3-pyridyl triflate to 18 proceeded in low yield, electron-deficient 3-pyridyl triflates, such as that corresponding to methyl nicotinate (19) , provided somewhat higher yields of the desired aryl fluoride. In addition, 2,6-disubstituted 3-pyridyl fluorides can be accessed in good yield using this reaction (20) . Lastly, substrates containing the 5-membered heterocycles pyrrole (21), furan (22), and thiophene (23) could also be fluorinated, confirming that decomposition of these electron-rich aromatic systems does not occur under the reaction conditions. As before, when the fluorinations of 17, 20, and 23 were carried out using [(cinnamyl)PdCl] 2 /1, lower yields of the desired products were observed in every case Scheme 2), although the the improvements when switching to 5 were not dramatic. Other nitrogen-containing heteroaryl triflates, such as those derived from 5-membered heteroaryl phenols, could not be fluorinated under these conditions. An inhibition study 24 of the conversion of δ-tocopherol triflate to 15 in the presence of various sp 2 -hybridized nitrogen-containing additives suggests that these species inhibit this transformation to some degree, which may explain why such heteroaryl triflates remain challenging substrates for this reaction (see Supporting Information for details).
In conclusion, Pd(0) precatalyst 5 activates to provide the active catalytic species 2•Pd(0) without generation of reactive byproducts, such as "Cl − ", dba, carbazole, or HF, that accompany the activation of other Pd sources, and represents a significant improvement for this reaction. As such, 5 is an efficient precatalyst for the fluorination of electron-rich substrates, as well as heterocycle-containing aryl triflates, providing the corresponding aryl fluorides in synthetically useful yields and contaminated only with easily separated side products. Further investigation of the structure and reactivity of 5 is currently underway. Future efforts will also focus on preventing the formation of regioisomeric aryl fluoride products for electron-rich substrates, improving the scope with respect to heteroaryl triflates, and finding non-hygroscopic fluoride sources to carry out this reaction. 25 
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